The FhuA protein of the outer membrane serves as a receptor for phages T5, Ti, and +80, for colicin M, for the antibiotic albomycin, and for ferrichrome and related siderophores. To identify protein regions important for the multiple FhuA activities,liuA genes of spontaneous chromosomal mutants which expressed wild-type amounts of the FhuA protein were sequenced. A mutant which was partially T5 sensitive but impaired in all other functions was missing aspartate residue 348 of the mature protein as a result of a three-base deletion. This aspartate residue is part of the hydrophilic sequence Asp-Asp-Glu-Lys. Replacement by site-specific mutagenesis of each of the Asp residues by Tyr, of Glu by Val, and of Lys by Met reduced FhuA activity but less than the Asp deletion did. Ferrichrome inhibited binding of phage +80 and of colicin M to these mutants in an allele-specific manner. A completely resistant derivative of the Asp deletion mutant contained, in addition, a leucine-to-proline substitution at position 106 and eight changed bases, converting at positions 576 to 578 an Arg-Pro-Leu sequence to Ala-Arg-Cys. The latter mutations and the Leu-to-Pro replacement alone did not alter sensitivity to the phages but reduced sensitivity to colicin M and albomycin 10-to 1,000-fold. The proline replacements probably disturb FhuA conformation and, in concert with the Asp deletion, inactivate FhuA completely. It is concluded that the Asp deletion site defines a region of FhuA which directly participates in binding of all FhuA ligands. Growth promotion studies on iron-limited media revealed that certain siderophores of the hydroxamate type, such as butylferrichrome, ferrichrysin, and ferrirubin, are taken up not only via FhuA but also via the FhuE outer membrane receptor protein.
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The multifunctional FhuA (formerly designated TonA) receptor protein in the outer membrane of Escherichia coli is required for the uptake of the iron carrier ferrichrome, the structurally analogous antibiotic albomycin, and colicin M and for infection by phages Ti, 4)80, and T5 (5-7). Transport of ferrichrome, albomycin, and colicin M through the outer membrane and infection by Ti and 4)80 depend in addition on the TonB protein, which itself is influenced by the ExbBD proteins (11) and alternatively by the TolQR proteins in e.xbBD mutants (4, 5) . Point mutations in TonB which suppress point mutations in the TonB box of FhuA (27) , and the physical stabilization of the TonB protein by FhuA (5, 14) , suggest a direct binding of FhuA to TonB. It is thought that the TonB protein assumes two conformations of which the energized state activates FhuA so that surface-bound ferrichrome, albomycin, and colicin M are released into the periplasm (5, 7), while the same conformation triggers release of DNA from the heads of phages Ti and 4)80 (16) . To understand this multifactorial process, the arrangement of the FhuA protein in the outer membrane and its active sites must be determined. Small C-terminal deletions in FhuA reduced the stability against cellular proteases, insertion into the outer membrane, and activity toward the FhuA ligands (13, 18, 28) . Insertion of 6-bp linkers into HpaII and CfoI sites of the fhuA gene reduced FhuA activity to various extents for all ligands with the exception of a Ser-Ser insertion after residue 321 of the mature protein, which selectively abolished uptake of ferrichrome while leaving * Corresponding author. phage and colicin receptor functions intact (9) . A Glu-Leu insertion after residue 82 lowered most strongly the TonBdependent functions while causing only a 10-fold reduction in T5 sensitivity (9) . These findings, as well as the fact that FhuA contains neither obvious hydrophobic transmembrane helices nor a porinlike structure, are not sufficient to propose a model for FhuA topology in the outer membrane.
Previously, we isolated a spontaneous chromosomal mutant on tryptone-yeast extract (TY) agar plates seeded with 109 cells of E. coli B9 fepA cir aroB and 108 Ti phages (7) . The mutation was mapped by P1 transduction at min 4 of the E. coli K-12 linkage map. The mutant, designated B9/41, produced wild-type amounts of the FhuA protein with an unaltered electrophoretic mobility on sodium dodecyl sulfate (SDS)-polyacrylamide gels. It displayed 1% T5 plating efficiency compared with the B9 strain and was resistant to Ti, 4)80, colicin M, and albomycin. Ferrichrome did not serve as an iron donor. A spontaneous derivative of B9/41, designated 41/2, isolated on plates seeded with T5, was completely resistant to all agents examined even though it expressed normal amounts of the FhuA protein. This mutant was used to isolate a spontaneous T5 host range mutant which exhibited a plating efficiency as high as on B9 (7) .
To characterize the mutations thought to be located in the fluA gene of both strains, chromosomal DNA was isolated and amplified by the polymerase chain reaction (PCR) (1, 23 Table 1 . They were grown in TY medium or in nutrient broth (NB) as described previously (6, 20) . To reduce the available iron in NB medium, 2,2'-dipyridyl (0.2 mM) was added to make NBD medium. If required, the media contained antibiotics in order to maintain the plasmids (ampicillin, 30 ,ug/ml; chloramphenicol, 25 p,g/ml; tetracycline, 15 Fig. 2 .
Site-directed mutagenesis. Single-nucleotide replacements were introduced by using pMa5-8 and pMc5-8 phasmid vectors as previously described for the construction of mutants in the TonB box of JfluA (27) 
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were grown to a density of 109/ml, sedimented by centrifugation, and suspended in 25 ,ul of buffer containing 4% SDS, 20 mM Tris hydrochloride, and 0.2 mM EDTA (pH 8.0). These samples were heated for 5 min in a boiling water bath and then diluted with the same volume of sample buffer consisting of 0.2 ml of 0.625 M Tris hydrochloride, 0.4 ml of 10% SDS, 0.4 ml of 50% glycine, 0.4 ml of 0.01% bromophenol blue, and 0.1 ml of ,-mercaptoethanol. Ten microliters of each sample was applied to the polyacrylamide gel. The stacking gel was composed of 3% acrylamide, 0.08% bisacrylamide, 0.02% N,N,N',N'-tetramethylethylenediamine, 0.1% SDS, and 0.125 M Tris hydrochloride (pH 6.8); the running gel (0.75 mm thick; 12 to 14 cm long) consisted of 11% acrylamide, 0.08% bisacrylamide, 0.2% SDS, and 0.375 M Tris hydrochloride (pH 8.8). During polymerization, the running gel was layered over with isopropanol. Electrophoresis was run in a buffer consisting of Tris hydrochloride (3.1 g), SDS (1 g), and glycine (14.4 g), dissolved in water to 1,000 ml (pH 8.8) at a constant current of 30 mA until bromophenol blue had reached the end of the gel. The gel was stained for 40 min with Serva blue (Serva, Heidelberg, Germany) dissolved in 45% methanol-10% acetic acid-45% water (vol/vol/vol) and destained by repeated washing with 20% methanol-7.5% acetic acid-72.5% water (vol/vol/vol). [10] ), in which three nucleotides had been deleted, leading to the loss of an aspartate residue. This mutation was located on the JhuA PflMI-SalI fragment. Replacement of the wild-type PflMI-SalI fragment on plasmid pHK582 by the mutant fragment resulted in E. coli UL3 transformants which displayed the phenotype of B9/41 (Table 2). The residual sensitivity to colicin M, which has not been noted previously (7), comes from the higher colicin activity used in these experiments compared with that used previously. In addition, cross-streak tests were performed previously, whereas in this study the solutions were dropped onto the agar plates. The drop test is a more sensitive assay than the cross-streak test.
RESULTS

Characterization
Strain UL3, used to characterize the functions of the cloned mutated JhuA genes, did not express a FhuA protein (28) . SDS-PAGE of B9/41 cells showed the FhuA protein (7) . Transformants of UL3 carrying wild-type flzuA on plasmid pHK582, and mutant JhuA on pHKD348, which determines FhuA with the Asp deletion, synthesized increased amounts of the FhuA protein due to the multicopy plasmid (see Fig. 3 , lanes 5 and 6).
Specific mutagenesis at the Asp site. The deleted Asp residue is located in a highly hydrophilic region (Asp-AspGlu-Lys) which may form a loop at the cell surface or, although less likely, in the periplasm. Additional mutants in this region (Table 2) were constructed by site-specific mutagenesis. They showed a 10-to 100-fold-lower sensitivity to colicin M and albomycin but remained fully sensitive to phages T5, Ti, and 4)80. Growth on ferrichrome was also reduced. Strain UL3 transformed with the mutant fhuA genes produced as much FhuA protein as did UL3 carrying wild-type huA on the same plasmid ( Fig. 1 ; compare lane 5 with lanes 7 to 10; the somewhat weaker wild-type FhuA band comes from the better iron supply during growth of UL3/pHK582 compared with the other strains). The same FhuA activities were obtained when the mutatedfhuA genes were excised from the high-copy-number plasmid pMc5-8 and cloned into the low-copy-number plasmid pHSG576 (data not shown), excluding an increase in residual activities of mutant FhuA proteins by the high FhuA expression.
The FhuA sequence contains another hydrophilic region, Thr-Thr-Asp-Lys-Arg-Asp-Asp-Lys-Gln, extending from residues 467 to 475. Two amino acids were replaced to determine whether this region is also involved in ligand binding or translocation. Replacement of Arg-471 by Leu and of Asp-472 by Tyr did not affect the mutants' sensitivity to the three phages (PFU) and albomycin but resulted in a 10-fold reduction of colicin M sensitivity and a moderate reduction of the ferrichrome growth zone (30 mm derived, supporting the previous conclusion that this deletion caused the phenotype of B9/41. One mutation is located upstream of thefhuA gene (thuAl; Fig. 1 and Fig. 2) (Fig. 3, lanes 11 and 12) . Apparently, the PCR had introduced the T-to-C replacement which reducedfhuA gene expression below the detection limit of the staining procedure. The -35 region starts at nucleotide 466 and reads TTCGAAT (identities with the consensus sequence are underlined), and the -10 region reads TATAAT. In addition, the consensus sequence proposed for Fur iron repressor-binding sites (26) (Fig. 2) . Strain UL3 transformed with pHK101 JhuAl, in which the HindIII-MluI fragment of pHK582 (wild type) was replaced by the corresponding fragment of 41/2 ( Fig. 2) , synthesized no FhuA protein that could be detected by staining with Serva blue (Fig. 3, lane 12) . Nevertheless, the transformants were fully sensitive to phages TI, 4)80, and T5, sensitivity to colicin M was 100-fold reduced and that of albomycin was 10-fold reduced, and the growth zone around ferrichrome-loaded filter paper disks on NBD medium was smaller (compared with findings for UL3/pHK582 carrying wild-type fiuA; Fig. 2 ). The small number of FhuA molecules was apparently sufficient for phage infection, in that a single phage suffices to infect a cell, whereas many more molecules of colicin M, albomycin, and ferrichrome must enter to inhibit and promote cell growth. UL3/pHK102 flhA3, in which the MluI-PflMI fragment of the wild-type fluA gene was replaced by the corresponding 41/2 PCR product and in which leucine was replaced by proline, was also fully sensitive to the phages, 10 times less sensitive to colicin M, and 100 times less sensitive to albomycin (Fig. 2) . The lower albomycin sensitivity corresponded to the ferrichrome-stimulated growth zone, which was smaller than that obtained with UL3 JhuA1. UL3/pHK103 fhuA4 (PflMI-SalI fragment of 41/2 in wild-type JhuA) was resistant to phages TI and 4)80, 10 times less sensitive to T5, and 1,000 times less sensitive to colicin M and albomycin (Fig. 2) . UL3 fhuA4 contains the same mutation as does B9/41 and showed the same phenotype. UL3/pHK104 fliuA5 contained eight closely linked nucleotide replacements resulting in three amino acid substitutions (Fig. 1) . Interestingly, these mutations, like the Asp deletion, are located in a charged region (Lys-Arg). The overall charge is, however, not altered by the mutations. UL3fluA5 was fully sensitive to the phages and 100 times less sensitive to colicin M and albomycin; accordingly, growth promotion by ferrichrome was also smaller (Fig. 2) . UL3/pHK111 fluA4,5 displayed nearly a 41/2 phenotype. Only sensitivity to T5 was higher (Fig. 2) . A phenotype identical to that of 41/2 was obtained by combining mutations 3, 4, and 5 in UL3/pHKI12fhuA3,4,5 (Fig. 2) .
The accumulation of such a high number of mutations was unexpected, since these mutations arose spontaneously by selection of T5-resistant colonies. UL3 fhuA3, 4 was resistant to TI, 4)80, and albomycin and had a strongly reduced sensitivity to T5. Only undiluted colicin M inhibited growth. Combination of thefliuA 1 promoter mutation with mutations 3 and 4 in UL3/pHKI08fhuA1,3,4 or with mutations 4 and 5 in UL3/pHK109 fiuA1, 4,5 resulted in full resistance to all agents used (Fig. 2) . However, all JhuA genes carrying the fiuAl mutation expressed FhuA protein below the detection limit of staining (Fig. 3, lanes 11 (19) . Two amino acid insertions after residues 50, 252, and 412 reduced vitamin B12 uptake to less than 2%, in the first two cases by decreasing the rate of B12 binding in the last case by slowing its release from the receptor (12) . The first two insertions also showed a reduced sensitivity to phage BF23 and colicin E3.
Though limited by the experimental approaches used, which do not provide random mutants, the data presented above, together with the results presented in this report, nevertheless add to a mosaic which must be completed in order to understand the membrane topology and functional sites of these receptors. For example, a functional site common to the receptors seems to be around residue 50, since two amino acid insertions in this site of FhuA, FepA, and BtuB impair receptor functions. Another common site has been defined between residues 224 to 405 in FhuA, at 324 (290 to 339) in FepA, and at 252 in BtuB. These experiments did not reveal another common site in these receptors, namely, the TonB box, a pentapeptide sequence located at residues 7 to 11 in FhuA, 12 to 16 in FepA, and 6 to 10 in BtuB which shows sequence similarity but not identity between all TonB-dependent receptors and colicins (5, 19, 22) . According to a model describing the FepA transmembrane arrangement (21) , the TonB box would be at the beginning of the first transmembrane 3 
